Abstract: Transgenes can affect transgenic mice via transgene expression or via the socalled positional effect. DNA sequences can be localized in chromosomes using recently established mouse genomic databases. In this study, we describe a chromosomal mapping method that uses the genomic walking technique to analyze genomic sequences that flank transgenes, in combination with mouse genome database searches. Genomic DNA was collected from two transgenic mouse lines harboring pCAGGS-based transgenes, and adaptor-ligated, enzyme restricted genomic libraries for each mouse line were constructed. Flanking sequences were determined by sequencing amplicons obtained by PCR amplification of genomic libraries with transgene-specific and adaptor primers. The insertion positions of the transgenes were located by BLAST searches of the Ensembl genome database using the flanking sequences of the transgenes, and the transgenes of the two transgenic mouse lines were mapped onto chromosomes 11 and 3. In addition, flanking sequence information was used to construct flanking primers for a zygosity check. The zygosity (homozygous transgenic, hemizygous transgenic and non-transgenic) of animals could be identified by differential band formation in PCR analyses with the flanking primers. These methods should prove useful for genetic quality control of transgenic animals, even though the mode of transgene integration and the specificity of flanking sequences needs to be taken into account.
Introduction
Transgenes can exert effects in transgenic animals by transgene expression and by the so-called positional number of the transgene. A transgene integrated into the X chromosome would exhibit sex-linked inheritance. Side effects, such as unexpected gene knockouts, may be caused by the disruption of an endogenous gene due to transgene insertion [e.g., 11, 14] . Thus, information on transgene position is important for analyses of transgenic animals.
Genes are typically localized by in situ hybridization methods, such as FISH [e.g., 3, 6] . In recent years, mouse genome databases have expanded rapidly and offer highly integrated records of genomic sequences, chromosome maps, and related information. These databases can be used to map transgenes on mouse chromosomes with great accuracy if the flanking sequences of the transgene can be determined.
Here, we describe a rapid, simple method using genomic walking [12] to determine genomic sequences that flank pCAGGS-based transgenes (Fig. 1A) [8] . The strategy of the genomic walking used in this study is outlined in Fig. 1B . Genomic sequences flanking the transgenes were determined by two consecutive PCR amplifications with multiple enzyme-digested, adaptorligated genomic libraries of transgenic animals (Fig.  1B) . Determination of the nucleotide sequences flanking the transgene enables the transgene to be mapped in chromosomes by searching mouse genome databases. In addition, the sequence information can be used to construct locus-specific zygosity check systems with flanking primer methods (Fig. 1C) . However, our experience suggests that modes of transgene integration should be considered as well as the flanking genomic sequences.
Materials and Methods

Transgenic animals
This study used two lines of transgenic mice, 4c30 and CK35, at the eighth and sixth generations, respectively, and their non-transgenic parent strain, C57BL/ 6CrSlc (B6). The transgenic lines were produced in Transgenes were excised from pCAGGS-plasmids that contained mouse cDNA. Two sets of primers, R109 and R112, and S2058 and S2072, were used as transgene-specific primers for genomic walking to 5'-flanking and 3'-flanking regions, respectively. Figure 1B summarizes the procedure of the genomic walking in this study (modified from a chart in a manual of the Universal GenomeWalker kit). In brief, six enzyme-digested, adaptor-ligated genomic libraries were constructed from transgenic mice. Fragments flanking the transgenes were amplified by two consecutive PCR amplifications with adaptor and transgene-specific primers. Genomic sequences flanking the transgenes were determined by sequencing the fragments. Integration sites of the transgenes were determined by genome database searches. Genomic sequences flanking the other end of the transgene were determined by genomic walking from the 5'-flanking region to the 3'-flanking region with genomic libraries from nontransgenic mice. Flanking primers for a zygosity check were designed on the basis of the genomic sequences at both ends of the integration sites (See text for details). Figure 1C summarizes the strategy for zygosity check. Zygosity was judged by the differential bands produced with flanking primers, which were designed to distinguish between wild-type (Wild) and transgenic (TG) alleles by amplicon length.
our laboratory by zygote microinjection of transgene constructs based on a pCAGGS plasmid (Fig. 1A ) [8] . Line 4c30 received a plasmid that contained mouse α2,3-sialyltransferase type II [5] cDNA, whereas line CK35 received a plasmid that contained human acid β-galactosidase [9] cDNA. Constructs containing a cDNA insert at the multi-cloning site (MCS) were excised from SalI to BamHI (approximately 3.5 kb long) and from SalI to HindIII (approximately 4.5 kb long) from the plasmids and used for production of 4c30 and CK35, respectively. Southern blot analyses confirmed integration of the transgenes in the two lines. Animal experiments were performed according to the Guides for Animal Experiments Performed at NIID.
Determination of flanking sequences using genomic walking for chromosomal mapping of the transgene
The genomic sequences that flanked the transgenes were determined by genomic walking using the Universal GenomeWalker TM kit (BD Bioscience Clontech, Palo Alto, CA) with a slight modification. Adaptor-ligated genomic DNA libraries of the transgenic lines were constructed with tail DNA digested with six restriction enzymes: DraI, ScaI, PvuII, EcoRV, SspI, and StuI (Takara Bio Inc., Tokyo, Japan). The genomic walk consisted of two PCR amplifications. The primary PCR amplification was performed with an outer transgenespecific primer (R112, 5'-CCA GGC GGG CCA TTT ACC GTA AGT TAT-3') and the outer adaptor primer provided in the kit. The primary PCR mixture was diluted and used as the template for a nested PCR amplification with a nested transgene-specific primer (R109, 5'-GGC GGG CCA TTT ACC GTA AGT TAT GT-3') and the nested adaptor primer provided in the kit. All PCR amplifications were performed with a hotstart DNA polymerase (HotStarTaq; Qiagen K.K., Tokyo, Japan) in a Hybaid PCR Express Thermal Cycler (Thermo Hybaid, Ashford, Middlesex, UK). The hotstart DNA polymerase requires a 15-min incubation at 95°C for activation as the first step of PCR amplification. The primary PCR amplification was performed at 95°C for 15 min, followed by 40 cycles at 94°C for 2 s and 68°C for 5 min. The nested PCR amplification was performed at 95°C for 15 min, followed by 30 cycles at 94°C for 2 s and 68°C for 5 min. The nested PCR products were separated by electrophoresis on a 2% agarose gel in TAE buffer. The nested PCR bands were visualized with ethidium bromide staining and extracted from the gels using a MinElute Gel Extraction kit (QIAGEN). The nucleotide sequences of the PCR bands were determined by direct sequencing using a dye-primer method (Thermo Sequenase Primer Cycle Sequencing kit with 7-deaza GTP; Amersham Biosciences, Piscataway, NJ) with a DSQ-2000L DNA Sequencer (Shimadzu Corp., Kyoto, Japan). Among the nested PCR products, the DNA fragment containing the 5'-flanking sequence of the transgene was determined by identifying a nucleotide sequence that was not found in the transgene and that continued to the 5'-transgene sequence. Other than the adaptor primers provided in the kit, all primers were designed using the Primer3 program [10] . The transgene insertion sites in chromosomes were determined using a BLAST search of the flanking sequences in the Ensembl genome database [2] via the Internet (http://www.ensembl.org).
Genomic walking analyses that proceeded backwards from the tails of the transgene were performed with two primers S2058 (5'-GTA TAT GAA ACA GCC CCC TGC TGT CCA-3') and S2072 (5'-CCC CTG CTG TCC ATT CCT TAT TCC ATA G-3') in combination with adapter primers provided in the kit.
Zygosity check of the transgene by a flanking primer method
For locus-specific zygosity checks, we performed PCR analyses using flanking primers with sequences based on the flanking sequences of the transgenes (Fig. 1C) . The flanking sequence around a transgene was determined by performing two consecutive genomic walking experiments. The first walk from the transgene to the 5'-flanking region was performed with genomic libraries of the transgenic line. A second walk from the 5'-to 3'-flanking region was performed with non-transgenic genomic libraries to determine the 3'-flanking sequence of the transgene. Two flanking primers, designated as Primer 2 and Primer 3 in Fig. 1C , were designed with the Primer3 program [10] using 5'-and 3'-flanking sequences at the transgene insertion site of transgenic lines 4c30 and CK35. Primer R109 was used as Primer 1, as shown in Fig. 1C . The zygosity of these transgenic animals was determined using PCR analyses with their tail DNA and the flanking primers under the following thermal conditions: 95°C for 15 min, followed by 30 cycles of 94°C for 2 s, 55°C for 15 s, and 72°C for 1 min. The PCR products were separated by electrophoresis on a 2% agarose gel in TAE buffer, and bands were detected by ethidium bromide staining with ultraviolet illumination. The zygosities of all the animals used for the zygosity check in this study were confirmed in advance using Southern blot analysis, breeding tests, and zygosity-specific symptoms (homozygous-specific cardiac hypertrophy) in 4c30, and the enzyme activity of the transgene products in CK35 tissues. Figure 2A shows the electrophoretic patterns of primary and nested PCR amplification products from the first genomic walking experiment. The gel contained three major bands consistent with both primary (P) and nested (N) PCR amplifications: ~650 bp of DraI library, ~1,500 bp of EcoRV, and ~1,000 bp of SspI library. Sequencing analysis revealed that the first two bands were derived from the tandem repeat of the transgene, and that only the last band contained the 5'-flanking sequence (Fig. 2B) . A BLAST search with the 5'-flanking sequence revealed that the transgene was integrated into Chromosome 11 (Fig. 2C) .
Results
Mapping and genotyping of mouse line 4c30
After the second genomic walking experiment, two primers, labeled Primer 2 and Primer 3 in Fig. 1C , were designed so that the primers in combination with Primer R109 (labeled Primer 1 in Fig. 1A ) would produce wild-type and transgenic alleles as 228-bp (Wild) and 175-bp (TG) bands, respectively (Fig. 2D ). As shown in Fig. 2E , analysis with these primers revealed 3) with a Wild band only, wild-type (lanes 5 and 6) with a TG band only, and hemizygous (lanes 2 and 4) with both bands. These genotypings matched those determined using the Southern blot analysis perfectly.
Mapping and genotyping of mouse line CK35
More bands were detected in the electrophoretic patterns of nested PCR products from mouse line CK35, as compared with the patterns observed for line 4c30 (Fig.  3A) . Of these CK35 bands, only one band of ~700 bp in the SspI library contained the 5'-flanking genomic sequence (Fig. 3B) . A BLAST search of this sequence in the Ensembl genome databases indicated that the transgene was mapped to chromosome 3 (Fig. 3C) .
Flanking primers 2 and 3 for the mouse line CK35 were designed from two consecutive genomic walking experiments, as described for mouse line 4c30 (Fig. 3D) . The expected Wild (329-bp) and transgene (213-bp) bands are shown as solid lines in Fig. 3D . A zygosity check was performed using PCR amplification with these primers and R109 as Primer 1. The results revealed unexpected bands of about the same length as the anticipated Wild band in homozygous mice (lanes 1 and 2 in Fig. 3E ), in which zygosity had been confirmed by Southern blot analysis, yet only single bands were produced when primer pairs for wild-type (Primer 2 and Primer 3) and transgenic (Primer 1 and Primer 2) alleles were used separately (Fig. 3F) . Sequencing of the unexpected PCR products revealed that the nucleotide sequence of the transgene at the 3'-flanking region was identical to the nucleotide sequence at the 5'-flanking region. Since Primer 1 could bind to two regions, one additional band, shown as a dotted line in Fig. 3D , was produced when all three primers were simultaneously used for PCR amplification. Based on these facts, new flanking primers were designed so that two TG bands derived from 5'-and 3'-junctions would move to about the same position on a gel and yet be clearly distinct from a Wild band (Fig. 3G ). With these new primers, clear genotyping of line CK35 was achieved as shown in Fig. 3H . As expected, two TG bands formed one bold band on a gel (lanes 1 and 2 in Fig. 3H ). Figure 4 shows electrophoretic patterns of nested PCR products obtained by backward genomic walking with B6 and 4c30 strains. Note that a considerable number of amplicons were found even in genomic libraries of non-transgenic mice as well as in 4c30 libraries.
Backward genomic walking in mouse line 4c30
Discussion
Our results with two examples show that the chromosomal mapping and design of flanking primers for a zygosity check can be achieved by the genomic walking technique in combination with a genome database search. While this method is quite powerful, the mode of transgene integration and specificity of flanking sequences need to be taken into account.
Figures 2 and 3 summarize two examples of successful chromosomal mapping using genomic walking. The locations of transgene insertions were determined by our method on chromosomes 11 and 3 in 4c30 mice and CK35 mice, respectively (Figs. 2C and 3C ). Transgenes are often integrated into a host genome in tandem. In 4c30, the transgenes contained a DraI site in the pCAGGS backbone (Fig. 1A) and an EcoRV site in the inserted cDNA sequence. If head-to-tail tandem repeats of the transgene exist in a host genome, then amplicons are produced in DraI-and EcoRV-digested genome libraries. As expected, approximately 650-bp DraI (band #1) and 1,700-bp EcoRV (band #2) bands were seen in the example (Fig. 2A) . Tandem repeats were also found in CK35 mice (band #1 in DraI library). Thus, genomic walking can be used for detection of tandem repeats, although this should be confirmed by sequencing.
Successful zygosity checks were also accomplished in both examples by PCR amplification with the flanking primers and tail DNA from transgenic and non-transgenic mice. The genotypes determined using the flanking primers matched those determined in advance using the Southern blot analysis. As shown in Fig. 2D , three primers for the 4c30 line were designed so that amplification would produce wild-type and transgenic alleles as 228 bp (Wild) and 175 bp (TG) bands, respectively (Fig. 2D) . Analyses with these primers clearly provided the genotypes of the six mice (Fig. 2E) . As shown in Fig. 3 , flanking primer design for the CK35 line was also achieved, although certain elaborations were needed, because the mode of transgene integration in CK35 was more complicated than in 4c30. This topic will be discussed in detail ceed the length of DNA that routine PCR can amplify. The mode of transgene integration can complicate flanking sequence determination. As shown in Fig. 4 , our experiments revealed that the 5'-flanking region of pCAGGS-based transgenes was easier to determine than the 3'-flanking region, because primers with greater specificity could be designed for the 5'-flanking sequence. Primers for the CMV enhancer region are highly specific for detecting transgenes in the mouse genome, because this region is derived from a nonmammalian genome. Conversely, primers for the β-globin polyadenylation signal sequence residing downstream from the MCS of a pCAGGS-based transgene produced many non-specific bands (Fig. 4) , probably because many highly homologous regions exist in the mouse genome. Efficient 3'-end genomic walking may require specific tag sequences at the 3'-end of the transgene. In addition, the mode of tandem repeat of the transgene should be considered when determining flanking sequences. Figure 5 illustrates the three patterns of transgene integration into the host genome. Using 5'-end genomic walking, one and two below. PCR amplification with flanking primers has the potential to identify the transgene copy number from PCR product length using Primer 2 and Primer 3 shown in Fig. 1C . Nevertheless, in some cases this might be impossible if only a few repeats of the transgene ex-PCR amplicons are obtained in types I and II, respectively. In type III, a total of three amplicons (two TG and one Wild band) should be considered for a zygosity check. In our study, the CK35 line turned out to be an example of the type II integration of the transgene (Fig. 3G) . In type III (i.e., tail and tail orientation), a genome-specific sequence cannot be determined by our method, which captures the 5'-flanking sequence of pCAGGS-based transgenes. PCR amplification with Primer 1 might produce a band seen as a "TG-band" in type III, if a head-to-head concatenation of transgenes has occurred, but the band would not be informative with respect to the flanking genomic sequence. In addition, unknown sequences, such as fragmented copies of the transgene, might also be incorporated in the insertion site. Therefore, careful judgment should be exercised when determining which PCR bands contain sequences flanking the transgene.
The redundancy of genomic sequences also complicates localization of the insertion position of the transgene. Higher animals like mice have large genomes with complex nucleotide sequence conformations, such as gene duplications, pseudogenes, interspersed-type repeats such as SINE and LINE, etc. Consequently, similar nucleotide sequences are disseminated throughout the mouse genome. If the transgenes are integrated in or near such redundant sequences, it will be quite difficult to locate the transgene at a single location based only on the flanking sequence information. Our preliminary experiments showed that a sequence more than 200 bases long was insufficient to determine a single site in the mouse genome in certain cases, because many identical sequences were found in multiple chromosomes in the genome database (data not shown). Thus, sequence information is a powerful tool, but not always sufficient for practical genotyping.
Our mapping method has both advantages and disadvantages in comparison with the widely used cytogenetic mapping using the FISH technique. Mapping with FISH is more versatile, since it can be applied to any transgenes and does not depend on the flanking sequence information or the mode of integration of the transgenes. The resolution of mapping with FISH is lower than the resolution of our method, which can locate transgenes at the sequence level, whereas FISH does so at the chromosome band level. Although our method involves many steps, it can be carried out in three days using commercially available kits, which, in our opinion, is comparable to genomic mapping using FISH in terms of ease of performance.
Transgenes are not always integrated at a single site [6] . Our method can be applied to mice harboring transgenes in multiple sites, since multiple PCR products derived from multiple integration sites can be separated in a gel. Another possible strategy is to map transgenes in descendants in later generations, in which transgenes integrated at multiple sites are segregated. No triple-loci integration was observed in EGFP transgenic mice [6] , suggesting that only two integration sites need be considered using descendants, even when the founder mice have been judged to have multiple transgene integrations using methods such as Southern blot analysis. The original composition of the transgene integration sites in founder mice could be re-constituted afterwards using a hereditary analysis of multiple sublines. Chromosome translocation was also observed in transgenic mice [6] . If chromosomes are rearranged at transgene integrations, flanking sequence information would be inappropriate for locating the position of the site, depending on the scale of the rearrangement. A zygosity check system could still be designed from flanking sequences determined using our method, but our method would not be applicable for precise mapping of the transgene.
A zygosity check by PCR amplification with flanking primers is powerful, because it is site-specific. Zygosity checking in transgenic animals is a critical step for analysis of transgene effects. All transgenic mice should be genotyped before experiments are performed. For production and maintenance of transgenic mouse lines, essentially all animals used as breeding pairs should be genotyped as well. Thus, large-scale genotyping should be routinely employed, and this requires a simple and rapid genotyping method. Several techniques are used for this purpose [reviewed in, e.g., 1]. Although Southern and dot blot analyses are commonly used, these methods are technically demanding and often provide ambiguous results. Moreover, the use of radioisotopes may cause problems in some laboratories. Although genotyping by FISH [4, 7] and real-time quantitative PCR amplification [13] have been reported, these methods do not offer the simplicity required for practical genotyping on a large scale. PCR amplification with flanking primers would be a rapid, simple, and position-specific method for zygosity checking of the transgene. As shown in Fig. 1C , PCR amplification of a mouse genome with three primers enables zygosity to be judged by differential band formation. A drawback of the method is the need for nucleotide sequences that flank the transgene, which typically has an unpredictable insertion site. As described in this paper, the problem can be solved by genomic walking in most cases and, therefore, the flanking primer method can be practically applied. In addition, site-specific genotyping with flanking primers enables one to check the zygosity of each transgenic allele even when animals inherit transgenes from different transgenic lines with the same transgenes in different chromosomal positions (i.e., alleles). Since this checking system distinguishes between multiple transgenic lines containing the same transgene(s) inserted at different loci, multi-cross hybrids between lines can be produced with confirmed zygosity at individual sites. This results in the production of mice harboring more copies of the transgene than the original lines, a strategy that is useful if the gene dosage is a major concern.
Chromosome position and the zygosity of the transgene are important factors in the analysis of transgene expression in transgenic animals. In particular, the presence and chromosomal position of the transgene should be monitored for quality control of transgenic animals as genetically certified transgenic lines. As described above, determination of the flanking sequence of the transgene by genomic walking is useful, not only for chromosome mapping, but also for constructing zygosity check systems. Genomic walking is a powerful tool for genomic studies, especially with rapidly expanding genome databases like Ensembl [2] . For example, the second genomic walk for a zygosity check may be replaced by a genome database search. Thus, the rapid, simple method described here should facilitate the study of transgene effects.
